Background: 3,4-Dihydroxy-2-butanone-4-phosphate synthase (DHBPS) is essential for many pathogens and is absent in humans. Results: We have characterized DHBPS from Vibrio cholerae in the presence of substrate D-ribulose 5-phosphate (Ru5P) and inhibitor 4-phospho-D-erythronohydroxamic acid (4PEH). Conclusion: 4PEH inhibits DHBPS competitively and interacts with enzyme similarly to the substrate. Significance: 4PEH can be used as a lead molecule for designing novel antibiotics.
Riboflavin (vitamin B 2 ) is a universal precursor for the synthesis of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). FMN and FAD are essential cofactors for many proteins that are involved in cellular and physiological processes including carbohydrate and amino acid metabolism (1) . Humans and animals obtain riboflavin from their diet, whereas it is biosynthesized in most bacteria as they are devoid of any riboflavin transporters (2) (3) (4) . Furthermore, it has been shown that the riboflavin-deficient mutants of Escherichia coli and Salmonella sp. require high amounts of exogenous riboflavin for their growth (5) . As a consequence, it is speculated that the enzymes involved in bacterial riboflavin biosynthesis are potential antibacterial drug targets because this pathway is essential for bacteria and absent in humans (2-4, 6 -9) .
In bacteria, biosynthesis of riboflavin is carried out by a total of six enzymes from two branches of the pathway starting with guanosine 5Ј-triphosphate (GTP) and D-ribulose 5-phosphate (Ru5P) 5 as substrates. From one branch, GTP is converted into 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione by three enzymes namely GTP cyclohydrolase II, bifunctional pyrimidine deaminase/reductase, and a yet unknown pyrimidine phosphatase (10 -16) . In another branch, 3,4-dihydroxy-2-butanone-4-phosphate synthase catalyzes the conversion of Ru5P to 3,4-dihydroxy-2-butanone 4-phosphate (DHBP) and formate (17, 18) . The condensation (19, 20) of 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione and DHBP by 6,7-dimethyl-8-ribityllumazine synthase catalyzes the formation of 6, 7-dimethyl-8-ribityllumazine. Riboflavin synthase catalyzes the formation of riboflavin and 5-amino-6-ribitylamino-2,4(1H, 3H)-pyrimidinedione using two molecules of 6,7-dimethyl-8-ribityllumazine by a dismutation reaction (21) (22) (23) . In the final * This work was supported in part by CSIR Network Projects BSC-210 and BSC-104 and by the Department of Biotechnology, Government of India (for synchrotron data collection in France). 1 Present address: Dept. of Biological Sciences, Indian Inst. of Science Education and Research, Govindpura, Bhopal 462023, Madhya Pradesh, India. 2 Supported by the CSIR, Government of India. 3 Supported by University Grant Commission Government of India doctoral fellowships. 4 To whom correspondence should be addressed. Tel.: 91-172-6665193; Fax:
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step, bifunctional riboflavin kinase/FAD synthase converts riboflavin to FMN and FAD, respectively (1, 24 -26) . The gene ribB encodes for the enzyme L-3,4-dihydroxy-2-butanone-4-phosphate synthase (DHBPS; EC 4.1.99.12) in bacteria. The proposed mechanism for the conversion of Ru5P to DHBP by DHBPS involves several steps including enolization, protonation, dehydration, skeletal rearrangement, and release of formate in the presence of metal ions (17, 18 ) (see Fig. 1A ). In most of Gram-negative bacteria, DHBPS exists as monofunctional form, whereas in Gram-positive bacteria including Mycobacterium tuberculosis DHBPS co-exists with GTP cyclohydrolase II and thus is found in a bifunctional form (9, 16, (27) (28) (29) . Crystal structures of DHBPS from E. coli (30, 31) , Magnaporthe grisea (32) , Methanococcus jannaschii (33) , Candida albicans (34) , Salmonella typhimurium (35) , M. tuberculosis (28, 36) , and Streptococcus pneumoniae (27) have been reported. All these structures reveal that DHBPS is a homodimer where each monomer forms an ␣ ϩ ␤ fold and that its active site is located at two topologically equivalent positions at the dimeric interface of each monomer (27, 28, 30 -36) . The DHBPS structure complexed with substrate and metal ions indicates that an acidic active site loop (Loop1) and another loop (Loop2) undergo a conformational change upon substrate and/or metal binding (32, 33, 35) . Furthermore, these structures also reveal the amino acids involved in the proposed reaction mechanism of DHBPS (27, 28, (32) (33) (34) (35) (36) . Nevertheless, certain differences observed in the existing structures prevent us from predicting the molecular mechanism of DHBPS completely. For example, DHBPS from C. albicans (34) does not show any conformational change of Loop1 upon substrate binding, whereas other structures show a conformational change of Loop1 upon substrate/metal binding (32, 33, 35) . Furthermore, the two metal ions that are required for the catalytic activity of DHBPS are positioned differently in M. jannaschii compared with M. grisea and S. typhimurium (33) (34) (35) . Importantly, despite DHBPS being shown to be essential for many pathogens including M. tuberculosis (7) , Helicobacter pylori (37) , and Salmonella (38) and its requirement in disease models like typhoid fever and enteritis (39) , no inhibitors have been identified until now for this enzyme. Here, we demonstrate for the first time that 4-phospho-D-erythronohydroxamic acid (4PEH), an analog of substrate Ru5P (Fig. 1B) , inhibits DHBPS competitively. Furthermore, to understand the molecular mechanism of inhibition shown by 4PEH, we have characterized the structure of DHBPS from Vibrio cholerae (vDHBPS) in its apo form and in complex with phosphate, D-ri- bulose 5-phosphate, D-ribulose 5-phosphate plus zinc ions, 4PEH, and 4PEH plus zinc ions. vDHBPS shares a sequence identity of about 26 -60% with other DHBPS sequences whose structures have been reported thus far (Table 1) .
EXPERIMENTAL PROCEDURES
Cloning, Expression, and Purification of ribB from V. cholerae-A pair of oligonucleotides representing forward (5Ј-ATC GAC AGA CAT ATG AAT CAG TCC TCC TTG-3Ј) and reverse (5Ј-ACT AAG TAC CTC GAG TTA AGC CAG TTT TAG ATC-3Ј) sequences along with NdeI and XhoI restriction sites (underlined) were synthesized (Integrated DNA Technologies) to amplify the ribB gene (vribB) from genomic DNA of V. cholerae E1 Tor (strain N16961) using a standard polymerase chain reaction (PCR) protocol. The amplified PCR product was purified by agarose gel electrophoresis and subsequently digested with restriction enzymes NdeI and XhoI (New England Biolabs) for 12 h at 37°C. The digested PCR product was ligated into pET-28c vector (Novagen), which was digested with the same set of restriction enzymes. The integration of vribB gene with the vector was verified by DNA sequencing. In addition, the mutants E39A, E41A, R61A, S64A, M84A, N89A, V98A, H154A, and F139A of vribB were created by site-directed mutagenesis by using an overlap extension PCR method (40) with suitable primers. The amplified mutants were cloned into pET-28c vector similarly to cloning of wild type and verified by DNA sequencing. The resultant plasmids for wild type and mutants were transformed into E. coli BL21(DE3).
For the expression of vribB (vDHBPS), a single colony of E. coli BL21(DE3) strain carrying pET28c-vribB was inoculated in 20 ml of Luria-Bertani medium supplemented with 30 g/ml kanamycin and grown overnight at 37°C in a rotary shaking incubator. An aliquot (1%) of the overnight-grown seed culture was inoculated in fresh Luria-Bertani medium supplemented with 30 g/ml kanamycin and allowed to grow further until the absorbance (A) at 600 nm reached a value of 0.6 -0.8. vribB expression was induced by adding 0.5 mM isopropyl ␤-D-1-thiogalactopyranoside, and the cells were allowed to grow further for 3 h. The cells were harvested by centrifuging the culture at 5,000 rpm for 15 min at 4°C. The cell pellet was resuspended in 40 ml of lysis buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM DTT, and 1 mg/ml lysozyme) along with 0.2 ml of a mixture of protease inhibitors (Sigma). The resuspended cells were incubated on ice for 30 min and disrupted by sonication for 30 min on ice (30-s pulse on/off with 20% amplitude) (Sonics). The soluble and insoluble cell fractions were separated by centrifuging the cell lysate at 12,000 ϫ g for 30 min at 4°C. The supernatant was loaded onto a nickel-nitrilotriacetic acid column (Qiagen, Germany) that was pre-equilibrated with equilibration buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 1 mM DTT). The column was washed with 25 column volumes of wash buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM DTT, and 20 mM imidazole) to get rid of any nonspecifically bound proteins. Finally, the bound vDHBPS protein was eluted with elution buffer (50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM DTT, and 250 mM imidazole) and subsequently dialyzed overnight against 25 mM Tris-HCl, pH 8.0 at 25°C. The dialyzed vDHBPS was further purified by gel filtration chromatography using a Sephacryl S-200 column (GE Healthcare) equilibrated with 25 mM Tris-HCl, pH 8.0. The purified vDHBPS was concentrated up to 20 mg/ml as measured by the Bradford method (41) using an Amicon concentrator with a 10-kDa-molecular mass cutoff membrane (Millipore). The mutant proteins E39A, E41A, R61A, S64A, M84A, N89A, and V98A were expressed and purified similarly to wild-type vDHBPS. Because the protein expression and stability were very poor for F139A and H154A mutants, their respective cells were induced with 1 mM isopropyl ␤-D-1-thiogalactopyranoside and further allowed to grow overnight at 20°C. Both F139A and H154A proteins were prepared similarly to wild-type vDHBPS except that they were maintained in 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, 1 mM DTT, and 10% glycerol buffer throughout the process. The purity of the protein at each stage was checked by 15% SDS-PAGE (42) .
Size Exclusion Chromatography Studies-The oligomeric status of wild-type and mutants of vDHBPS was determined by gel filtration chromatography using a prepacked Superdex 200 analytical column (GE Healthcare) installed on a BioLogic Duo Flow system (Bio-Rad). For each purified protein, an approximately 4 -6 mg/ml concentration in a 1-ml volume was injected into the column. The flow rate was maintained at 0.3 ml/min. To establish a molecular mass and elution volume relationship, known molecular mass proteins were run on the same column. The proteins used as standards were ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7 kDa) (GE Healthcare).
Kinetic Studies of vDHBPS-The vDHBPS enzyme activity was measured by a colorimetric method as reported earlier (43) . Briefly, in a 125-l reaction, 2.5 g of vDHBPS was mixed with 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , and a variable concentration of D-ribulose 5-phosphate and incubated at 37°C for 15 min. The enzyme reaction was quenched, and color was developed by addition of 100 l of saturated creatine solution (30 mg/ml) followed by 50 l of ␣-naphthol (35 mg/ml in 1.0 N NaOH). The color was allowed to develop for 30 min at room temperature before measuring the absorbance at 525 nm using an ELISA plate reader (BioTek PowerWave XS plate reader).
The absorbance values were converted into nanomoles of DHBP using a standard plot that was established by mixing 0 -55 nmol of 2,3-butanedione in a 125-l reaction volume and incubating the samples in creatine and naphthol for the color Structural Basis for Inhibition of DHBPS MAY 1, 2015 • VOLUME 290 • NUMBER 18 development (43). The K m and V max for Ru5P were calculated from a Michaelis-Menten saturation curve by non-linear curve fitting using Origin 8.5. Similarly, the inhibitory effect of 4PEH on vDHBPS activity was measured using the same colorimetric assay except the protein concentration was kept at 20 g and the reaction was carried out for 30 min. The inhibitor constant (K i ) was determined using a constant inhibitor concentration and varying the substrate concentration from 10 M to 2 mM.
Crystallization of vDHBPS-The vDHBPS at a concentration of 20 mg/ml in 25 mM Tris-HCl, pH 8.0 was used for crystallization experiments using the sitting drop vapor diffusion method in a 96-well plate (MRC plates, Molecular Dimensions, UK). Initial crystallization screens were carried out using PEG/ Ion Screen (Hampton Research) with each drop containing 1 l of protein mixed with 1 l of precipitant and equilibrated against 60 l of reservoir solution followed by incubation at 20°C. Crystals appeared within 3-4 days in a number of conditions. The crystallization conditions obtained from the initial screen were optimized in 24-well sitting drop crystallization plates (Combi Clover Jr., Emerald BioSystems) at 20°C. Drops containing 2 l of protein and 2 l of reservoir solutions were equilibrated against 200 l of reservoir solution. The apo form of vDHBPS (E-Apo) crystals were grown in 0.2 M Na 2 HPO 4 , pH 9.1 and 20% PEG 3350, and phosphate-bound (E-PO 4 ) crystals were grown in 0.2 M NaH 2 PO 4 , pH 4.5 and 20% PEG 3350. The Ru5P and 4PEH complex crystals were obtained by mixing vDHBPS with 10 mM Ru5P (E-Ru5P) and 4PEH (E-4PEH) separately and incubated for 30 min at 20°C. The crystals were grown in 0.2 M Na 2 HPO 4 , pH 9.1 and 20% PEG 3350. Finally, the E-Ru5P-Zn 2ϩ and E-4PEH-Zn 2ϩ complex crystals were obtained by soaking the E-Ru5P and E-4PEH crystals with 100 mM zinc chloride (ZnCl 2 ) for 12 h at 20°C.
Data Collection and Processing-The x-ray diffraction data set for the E-PO 4 complex crystal was collected at 100 K using synchrotron radiation at BM14 beamline (European Synchrotron Radiation Facility, Grenoble, France) equipped with a MAR Mosaic charge-coupled device detector. The diffraction data sets for all other crystals (E-Apo, E-Ru5P, E-Ru5P-Zn 2ϩ , E-4PEH, and E-4PEH-Zn 2ϩ ) were collected using a MAR345 image plate detector (MAR Research, Germany) mounted on a MicroMax-007HF (Rigaku) rotating anode x-ray generator operated at 40 kV and 30 mA. The data sets were collected at 100 K using an Oxford Cryostream. Before diffraction, each crystal was soaked for 10 s in a cryoprotectant solution consisting of 30% glycerol mixed with their corresponding mother liquor (44) . The diffraction images of all the data sets were indexed, integrated, and scaled using the XDS suite of programs (45) . The scaled intensities were converted into structure factors using CTRUNCATE (46) as implemented in CCP4 (Collaborative Computational Project Number 4) (47) .
Structure Determination and Refinement-The structure of vDHBPS in the apo form was solved by a molecular replacement method using PHASER (48) with one subunit of E. coli DHBPS as the search model (Protein Data Bank code 1G57). The Matthews' coefficient (V M ϭ 2.1) (49) and solvent content (42%) as calculated by CCP4 (47) indicated two molecules per asymmetric unit. The PHASER with default parameters gave a single solution with two DHBPS molecules in the asymmetric unit. The initial model was refined as a rigid body followed by restraint refinement using REFMAC5 (50) . To calculate the free R factor (51), 5% of total reflection data were excluded from the refinement for each structure. The vDHBPS model was further refined using PHENIX (52) and built using the program COOT (53) . During the initial stages of refinement, the model was subjected to simulated annealing refinement (54) to minimize the model bias. Moreover, composite omit maps (55) were calculated intermittently during refinements and used to improve the model. The refinement and model building were carried out iteratively until the vDHBPS model was completely built and R and free R factors were converged. The solvent molecules were added in the difference Fourier electron density map at above the 3.0 level and formed at least one hydrogen bond with the protein or other solvent molecule. For the E-PO 4 , E-Ru5P, E-Ru5P-Zn 2ϩ , E-4PEH, and E-4PEH-Zn 2ϩ complexes, the structures were determined either by the molecular replacement method or by the difference Fourier method using the vDHBPS apo form as the model. Similar to apo-vDHBPS, all the complex crystal structures were refined using the PHENIX suite of programs except E-Ru5P and E-Ru5P-Zn 2ϩ , which were refined with REFMAC5. Well defined electron densities for bound phosphate, Ru5P, and 4PEH were seen in their respective difference Fourier map at the 3.0 level, and the same were included in the model and further refined. The zinc ion was added in the E-Ru5P-Zn 2ϩ and E-4PEH-Zn 2ϩ models if the difference Fourier map showed electron density at above the 5.0 level. The Ramachandran plot statistics were calculated using PROCHECK (56) , and superposition of the molecules was carried out by LSQMAN (57) . The program PyMOL (58) was used to visualize and analyze the structures and for making figures.
RESULTS

Characterization of vDHBPS with Substrate and Inhibitor-
The vribB gene encoding vDHBPS was PCR-amplified, cloned, expressed as a His-tagged protein, and purified to homogeneity. The size exclusion chromatography studies suggest that vDHBPS exists as a dimer in solution ( Fig. 2A) . Furthermore, the kinetic characterization of vDHBPS with substrate Ru5P shows a typical Michaelis-Menten saturation behavior with K m and V max values corresponding to 250 Ϯ 30 M and 270 Ϯ 10 nmol/ min/mg, respectively (Fig. 2B) . The compound 4PEH is an analog of substrate in which the first hydroxymethyl group of Ru5P is replaced with a hydroxylamine group (Fig. 1B) , and therefore it is anticipated to inhibit the catalytic activity of DHBPS. To determine the efficacy of such inhibition, if any, we measured the catalytic activity of vDHBPS in the presence of different concentrations of 4PEH. The Lineweaver-Burk plot of measured values strongly suggests that 4PEH inhibits vDHBPS competitively (Fig. 2C) . Furthermore, a plot of the apparent K m values derived from the Lineweaver-Burk plot against inhibitor concentration reveals a K i value of 100 Ϯ 10 M (Fig. 2D) .
Quality of vDHBPS Model-To investigate the structural changes that take place during catalysis and inhibition in a systematic manner, we initiated structure analysis of vDHBPS in various forms. Accordingly, we determined the crystal structures of vDHBPS in apo form (E-Apo) and in complex with phosphate (E-PO 4 ), substrate (E-Ru5P), inhibitor (E-4PEH), substrate plus metal ions (E-Ru5P-Zn 2ϩ ), and inhibitor plus metal ions (E-4PEH-Zn 2ϩ ). All vDHBPS crystals were crystallized in orthorhombic space group P2 1 2 1 2 1 with unit cell parameters in the range of a ϭ 52-56 Å, b ϭ 73-78 Å, and c ϭ 95-99 Å, and x-ray diffraction data sets were collected in the resolution range of 1.59 -2.04 Å. The data collection statistics for all the crystals are shown in Table 2 . The vDHBPS structure was solved by the molecular replacement method using E. coli DHBPS (30, 31) as the search model. The vDHBPS monomer consists of 218 amino acid residues and exists as a dimer both in solution and in the crystal structure, thus consisting of a total of 436 amino acid residues. In addition, at the N terminus of vDHBPS, an extra 20 amino acid residues (MGSSHHHHHHS-SENLYFQGH) were introduced from the cloning vector. The electron density for all the structures was generally good and allowed us to build the vDHBPS model without any ambiguity. However, the electron density for the N-and C-terminal (1-4 and 216 -218, respectively) residues was poor and thus not included in the model for most of the crystal structures. Furthermore, in the apo (E-Apo) and phosphate (E-PO 4 ) complexes, residues from 83 to 97 were not traceable in the electron density map due to their known flexibility and were not included in the model. The refinement and statistical parameters for all crystal structures are within the allowed limits and are shown in Table 3 . The coordinates and structure factors for all the crystal structures are deposited in the Protein Data Bank and corresponding Protein Data Bank codes are given in Table 3 .
Overall Structure of vDHBPS-The overall three-dimensional structure of vDHBPS shows an ␣ ϩ ␤ fold (Fig. 3A) similar to other reported DHBPS structures (Table 1 ) (28, 30 -36). Each monomer consists of a central ␤-sheet formed by seven ␤-strands, which are oriented in a parallel and antiparallel manner. The central ␤-sheet is surrounded by eight ␣-helices, and both are connected through several loops. The asymmetric unit consists of two molecules related by 2-fold symmetry (Fig. 3B ) that can superimpose with each other with a root mean square deviation of about 0.25-0.50 Å, indicating that the two mono- (Fig. 3b) . (Fig. 3B) . The PISA server (59) predicts that the two molecules of vDHBPS in the asymmetric unit form a stable homodimer (Fig. 3B ) with total buried surface area of 2,645 Å 2 (16% of the surface area of the complex). The structural characterization of monofunctional DHBPS reported till now reveals that it exists as a dimer both in the crystal structure and in solution, and dimerization is required for its catalytic activity as its active site is located at the dimeric interface and contributed by residues from both monomers (28, 30 -35) . Moreover, the two monomers of DHBPS interact with each other mainly through hydrophobic interactions and with some hydrogen bond interactions (31) .
To identify the amino acid residues that contribute to the dimer formation of vDHBPS in solution and thus its catalytic activity, we examined all DHBPS crystal structures reported till now. The analysis of amino acid sequences and structures of various monofunctional DHBPSs (28, 30 -36) revealed that the residues and their interactions involved in dimer formation are more or less similar to those of vDHBPS. Therefore, we chose three nearly conserved hydrophilic residues (Glu-41, Arg-61, and Ser-64), three conserved hydrophobic residues (Met-84, Val-98, and Phe-139), and one (Asn-89) non-conserved residue that are involved in dimer formation of the vDHBPS structure and mutated these to alanine individually (E41A, R61A, S64A, M84A, V98A, and F139A) by site-directed mutagenesis. Each mutant was cloned, expressed, and purified as was done for wild-type protein (see "Experimental Procedures"). To assess the oligomerization, each mutant protein was passed through a Superdex 200 column individually. The gel filtration profile of each mutant along with wild type is shown in Fig. 3C . The gel filtration profile of all seven mutant proteins can be classified into three categories: (i) mostly dimeric form (N89A and V98A), (ii) in between expected monomeric and dimeric form (E41A, R61A, S64A, and M84A), and (iii) mostly monomeric form (F139A). Although most of the mutant proteins showed a shift in their elution profile (compared with wild-type vDHBPS), indicating that their dimerization was disturbed, they did not elute absolutely as a monomeric peak. Therefore, to check whether the mutation had any effect on its catalytic No. crystals used activity, we measured the DHBPS activity (with 20 g of protein and 400 M Ru5P) for all seven mutant proteins (Fig. 3D) . The relative catalytic activity of hydrophobic mutants with respect to wild-type vDHBPS was 30, 40, and 80% for M84A, F139A, and V98A, respectively. Analysis of the crystal structure of vDHBPS indicated that both Met-84 and Phe-139 are involved in hydrophobic interactions with the same residues in another monomer, and therefore mutation of these residues may disturb their dimerization and thus the catalytic activity. Consistent with this, F139A mutant mostly eluted as a monomer peak, whereas a significant amount also exists in a monomer-dimer equilibrium (Fig. 3C ). In addition, the M84A mutant eluted as a monomer-dimer equilibrium and showed deficient activity. However, the V98A mutant mostly exists in dimeric form and showed a catalytic activity of about 80% compared with wild type. The analysis of sequences revealed that Val-98 is conserved throughout the species; however, its interaction is not conserved in all the structures. Similarly, the relative catalytic activity of hydrophilic mutants with respect to wild-type vDHBPS was 0, 15, and 100% for E41A, S64A, and R61A, respectively. Analysis of Glu-41 and Ser-64 residues in vDHBPS structures revealed that apart from their involvement in dimerization they are also involved in substrate binding. For example, Glu-41 interacts with Thr-108, which in turn interacts with the substrate Ru5P. Moreover, Glu-41 also interacts with Ru5P through a solvent molecule in the same monomer. Therefore, mutation of Glu-41 to alanine probably disrupts this, and thus catalytic activity is lost. Similarly, although the carbonyl oxygen of Ser-64 interacts with Arg-115 of the other monomer, its hydroxyl group interacts with Glu-175 of the same monomer that in turn interacts with substrate Ru5P. Therefore, the S64A mutant may interfere with this interaction, resulting in a significant loss of catalytic activity. Surprisingly, the R61A mutant showed 100% activity, indicating that mutation of Arg-61 to Ala does not affect its catalytic efficiency.
Although analysis of sequences showed that Arg-61 is nearly conserved, its interaction is not conserved in other species, and moreover, Arg-61 is located far from the active site. As anticipated, the N89A mutant did not show any effect on its catalytic activity, remaining equal to that of wild-type vDHBPS.
Interestingly, the bifunctional (DHBPS and GTP cyclohydrolase II) M. tuberculosis RibA2, although shows DHBPS activity, its DHBPS domain exists as monomer in solution (36) . The existence of the DHBPS domain of M. tuberculosis RibA2 as a monomer has been mainly attributed to mutation of three hydrophobic residues at the dimeric interface (I66Y, V85Y, and F96Y; vDHBPS numbering). However, the DHBPS domain is observed as a dimer in the crystal structure of M. tuberculosis RibA2 (36) . Thus, it is speculated that in the presence of substrate the DHBPS domain may transiently form a dimer in solution; however, the exact mechanism is still unknown (28) .
Taken together, we predict that the hydrophobic residues at the dimeric interface play a role in dimer formation, whereas some of the active site residues at the dimeric interface play a role in the catalytic activity of vDHBPS. However, further studies are required to see whether these two properties can be decoupled for vDHBPS.
Conformational Changes among the Structures of vDHBPSTo understand the conformational changes that occurred among different vDHBPS complexes, we analyzed their structures. The superposition of different vDHBPS crystal structures shows root mean square deviations of about 0.24 -0.54 Å for 199 -214 C ␣ atoms, indicating that the overall conformations of all vDHBPS structures remain similar (Fig. 4) . However, major conformational changes are observed in two loop regions as reported in other species (32, 33, 35) . In the crystal structures of E-Apo and E-PO 4 , Loop1 (residues 34 -41) exhibits an ordered open conformation, whereas Loop2 (residues 82-98) is completely disordered (Fig. 4) . In the E-Ru5P complex structure, Loop1 adopts a closed conformation and interacts with sub- strate Ru5P, whereas Loop2 is partially disordered. In E-Ru5P-Zn 2ϩ , E-4PEH, and E-4PEH-Zn 2ϩ , both Loop1 and Loop2 are observed in a closed and ordered conformation.
Active Site Architecture of vDHBPS with Ru5P and Metal Ions-In the E-Ru5P complex, two molecules of substrate (Ru5P) occupy the active site at the dimeric interface of each molecule at topologically equivalent sites and interact with vDHBPS through hydrogen bond and electrostatic interactions (Fig. 5A) . Moreover, the observed conformational change of Loop1 upon binding of Ru5P helps in positioning the substrate at the active site (the maximum distance moved is about 12 Å for residue Arg-38). The phosphate moiety of Ru5P interacts with Arg-38, Glu-39, Arg-151, His-154, and Thr-155 through hydrogen bond interactions (Fig. 5A) . The first carboxyl group, O1, of Ru5P interacts with SH of Cys-68, and with N⑀2 of His-137 of the other monomer. Additionally, it interacts with Glu-175 and Ile-66 through a water molecule. The second carbonyl group, O2, of Ru5P interacts with N⑀2 of His-137 of the other monomer. In addition, it interacts with the carbonyl oxygen of Thr-108 through a water molecule. The carboxyl group O3 of Ru5P interacts with O⑀2 of Glu-39 in one chain, and in the other chain, it interacts with both O⑀1 and O⑀2. Similarly, the carboxyl group O4 of Ru5P interacts with N␦1 of His-154 and with O⑀1 of Glu-41 through a water molecule.
Although Ru5P alone binds to vDHBPS, its catalytic activity is observed only in the presence of magnesium ions. To understand the location of metal binding sites in the case of vDHBPS, we attempted to obtain the E-Ru5P complex with magnesium ions by both co-crystallization and soaking experiments. However, in both cases, we were unsuccessful in obtaining the E-Ru5P complex with magnesium ions. In fact, until now, no DHBPS structure has been determined in complex with Ru5P and magnesium ions. It is speculated that both metals are only transiently bound to the enzyme as histidine (His-154) is relatively an unusual ligand for magnesium ions (33) . Therefore, to understand the metal ion positions during catalysis, we soaked the E-Ru5P complex crystal with zinc ions and determined its structure (E-Ru5P-Zn 2ϩ ). Although in the presence of Zn 2ϩ ions vDHBPS does not show any catalytic activity, Zn 2ϩ is predicted to occupy a similar position as magnesium ions (32, 33) . This is because both Mg 2ϩ and Zn 2ϩ have the same oxidation state with their last s orbital filled (s2) and have roughly the same ionic radius with 0.74 Å for Zn 2ϩ and 0.72 Å for Mg 2ϩ . Moreover, superposition of the E-Ru5P-Zn 2ϩ complex with the Mg 2ϩ -bound structure of M. grisea (Protein Data Bank code 1K4I) (32) revealed that both Zn 2ϩ and Mg 2ϩ occupy the same position. Despite such similarity with Mg 2ϩ and the ability to mediate native-like binding, it is predicted that a zinc ion is unable to initiate the reaction as it is not a strong enough Lewis acid (33) . The crystal structure of the E-Ru5P-Zn 2ϩ complex clearly shows binding of two zinc ions at each active site, and both Loop1 and Loop2 are observed in a closed and ordered conformation (Fig. 4) . The first zinc ion at position M1 is hexacoordinated and interacts with O3 and O4 of Ru5P, one oxygen from phosphate moiety of Ru5P, N␦1 of His-154, O⑀2 of Glu-39, and O⑀1 of Glu-41 through a water molecule (Fig. 5B) . The second zinc ion (M2) is coordinated with O2 and O3 of Ru5P, three water molecules, and O⑀2 of Glu-39 (Fig. 5B) . However, the electron densities for O1 and O4 of Ru5P in the E-Ru5P-Zn 2ϩ complex are weak, indicating the flexibility of these atoms in the presence of zinc ions. The superposition of the E-Ru5P and E-Ru5P-Zn 2ϩ structures (Fig. 5C ) revealed that Glu-39 undergoes a conformational change upon metal binding and helps in positioning the metals as reported in S. typhimurium DHBPS (35) . To understand the contribution of Glu-39 and His-154 in metal binding and thus the catalytic activity of vDHBPS, we created E39A and H154A mutants. Both mutants were cloned, expressed, and purified individually as done for wild-type vDHBPS. However, both mutant proteins did not show any catalytic activity even in the presence of Mg 2ϩ probably due to loss of their interactions with metal ions, indicating their importance in substrate/metal binding. The comparison of E-Ru5P and E-Ru5P-Zn 2ϩ structures also revealed that Ru5P forms a compact structure in the presence of metal ions (Fig.  5C ). Earlier reports indicate that the compact conformation of Ru5P in the presence of metal ions may be essential for the easy release of C4 atom from the substrate (33) .
Active Site Architecture of vDHBPS with 4PEH and 4PEH-Zn 2ϩ -To understand the structural basis for the competitive inhibition shown by 4PEH, we co-crystallized it with vDHBPS ). The overall conformations of these complexes are similar to other vDHBPS structures and show well defined electron density for both 4PEH and zinc ions (Fig. 6, a and b) . The hydrogen bond inter- actions between 4PEH and vDHBPS are similar to the interaction of Ru5P in the E-Ru5P complex. The NHOH oxygen atom of 4PEH interacts with Cys-68, N⑀2 of His-137, and Glu-175 through a water molecule, whereas O2 does not participate in any interaction except C␦1 of Leu-141. As observed in the E-Ru5P complex, both Loop1 and Loop2 in the E-4PEH and 
Structural Basis for Inhibition of DHBPS
E-4PEH-Zn 2ϩ complexes are closed and well ordered (Fig. 4) . Similar to the E-Ru5P-Zn 2ϩ complex, the binding of zinc ions to E-4PEH revealed that 4PEH also forms a compact conformation (Fig. 6C) . Moreover, the two zinc ions in the E-4PEH-Zn 2ϩ complex occupy the same position and exhibit the same coordination as observed in the E-Ru5P-Zn 2ϩ complex. However, unlike E-Ru5P-Zn 2ϩ , the E-4PEH-Zn 2ϩ complex shows well defined electron density for both NHOH and O2 oxygen atoms of 4PEH (Fig. 6B) .
DISCUSSION
Riboflavin biosynthesis pathway is indispensable for many pathogens that lack an efficient riboflavin transporter in their system. Therefore, the enzymes involved in riboflavin biosynthesis are considered as potential drug targets (2) (3) (4) 6) . One of the rate-limiting enzymes (30) of the riboflavin biosynthesis pathway is DHBPS, which is encoded by the ribB gene in bacteria. In addition, the ribB gene has also been shown to be essential for M. tuberculosis (7), H. pylori (37) , and S. typhimurium (39) . Despite its essentiality, no inhibitor has been identified till now for the DHBPS enzyme. Here, we characterized vDHBPS with substrate Ru5P and substrate analog inhibitor 4PEH to understand the structural basis for its inhibition.
Earlier, DHBPS structures complexed with Ru5P and noncatalytic metal ions (Zn 2ϩ ) have been determined to identify the important amino acids that may be involved in the catalysis (30, 36 Fig. 7A ) and the conservation of amino acids that are involved in the catalytic activity (Fig. 7B) , suggesting a conserved mechanism of catalysis for this enzyme. Moreover, it has been reported that the binding of substrate Ru5P induces conformational changes mainly in two loop regions (Loop1 and Loop2) of DHBPS (33) . Loop1 consists of about eight amino acid residues (from 34 to 41) and is conserved in almost all species (Fig. 7B) . In general, it has been observed that Loop1 of DHBPS is completely disordered in its apo form, and upon substrate binding, it becomes ordered and is found in a closed conformation, thereby stabilizing the substrate (30 -33, 35) . This is in contrast with C. albicans DHBPS (34) where there is no change in the conformation of Loop1 both in the presence and absence of the substrate, and it is always found in an ordered and open conformation. This observation is surprising because Loop1 is supposed to interact with substrate Ru5P, thereby stabilizing it during catalysis. Although this observed difference could be species-specific, it is possible that in the case of yeast the substrate Ru5P has been soaked with the DHBPS crystal where this conformational change is probably restricted. In fact, we have shown in S. typhimurium DHBPS (35) that the binding of substrate Ru5P alone is sufficient for the closing of Loop1 into an ordered conformation from a disordered form. Although the movement of Loop1 from an ordered open conformation to a closed conformation upon substrate binding is speculated, no crystal structure showing this effect is yet available. Here, we demonstrate that in both the apo and phosphate-bound forms Loop1 of vDHBPS exists in an ordered open conformation, and binding of substrate Ru5P causes a change from an open to a closed conformation. Therefore, the vDHBPS crystal structure is the first structure per se that confirms the conformational change of Loop1 from an ordered open to a closed conformation in the presence of substrate. However, it is still unclear why in some species Loop1 is disordered and in others it is in an ordered open conformation despite the fact that the amino acid sequence of this loop is almost conserved. Furthermore, in DHBPS, Loop2 (residues from 82-98) has been observed in either partially ordered or disordered conformations in the absence of any metal ions except in the case of M. jannaschii (33) where this loop is significantly large and observed in an ordered conformation. However, binding of metal ions stabilizes Loop2 in the same conformation in almost all species. Although the conformations of Loop1 and Loop2 in the presence of substrate and/or metal ions are variable from species to species, it appears that the closing of both loops is essential for the catalytic activity of DHBPS as these loops in all species are invariably observed in a closed and ordered conformation in the presence of both substrate and metal ions (Fig. 7A) . Moreover, although substrate Ru5P shows different conformations in the absence of metal ions from different species (Fig. 8A ), its conformation is similar in all species in the presence of metal ions (Fig. 8B) . These results strongly suggest that catalytic activity of DHBPS requires the closing of both Loop1 and Loop2 with ordered conformations.
The analysis of DHBPS crystal structures complexed with metal ions from different species revealed that the positions of metal ions M1 and M2 are nearly conserved (Fig. 9) . However, in the case of M. jannaschii (33) , the position of the M2 metal ion is slightly different (M2Ј) as compared with the other structures. Earlier we reported (35) that this difference may be due to the binding of substrate Ru5P because at that time only the M. jannaschii DHBPS structure complexed with substrate and metal ions was available. However, analysis of DHBPS crystal structures complexed with metal ions from V. cholerae, S. typhimurium (35) , and M. grisea (32) indicates that the two catalytic metal ions are almost conserved at the M1 and M2 positions (Fig. 9) . The only exception is M. jannaschii (33) in which the position of M1 is conserved, whereas M2 is observed at the M2Ј position (Fig. 9) . In fact, it has been speculated that the first metal ion at M1 is sufficient to initiate the catalytic reaction, and the second ion at the M2Ј position may be involved in avoiding unproductive side reactions of highly reactive intermediates (33) . In M. jannaschii DHBPS, the interaction of the metal ion at the M1 position is hexacoordinated and similar to the E-Ru5P-Zn 2ϩ complex. However, the metal ion at the M2Ј position interacts with DHBPS through somewhat longer bond lengths when compared with the M1 metal ion (33) . This observed change in the second metal ion position could be specific to M. jannaschii, or it may be due to the presence of Ca 2ϩ rather than Zn 2ϩ . Nevertheless, the proposed mechanism requires (18) both metal ions to participate throughout the catalysis by interacting with the intermediates (Fig. 1A) . We speculate that the active participation of metal ions with the intermediates is more appropriate if the two metal ions are positioned at M1 and M2 rather than M1 and M2Ј. However, more DHBPS structures are required to validate the position of these metal ions, especially in the presence of Mg 2ϩ . A complex reaction mechanism with several intermediates has been proposed for the catalysis of DHBP formation (Fig. 1A) based on experiments with 13 C labeling of substrate (17, 18) . Briefly, the reaction starts with the abstraction of the C3 hydrogen atom of Ru5P (I) in concert with the donation of a proton to the formation of 2,3-enediolate (II). The next step involves dehydration of 2,3-enediolate, resulting in enol (III) formation. The enol (III) is converted to 2,3-diketo form (IV) via an acidbase ketonization process. The formation of V by 1,2-skeleton rearrangement of IV is mediated by deprotonation of the C4 hydroxyl group of the substrate. The next step is hydration of V by the Mg 2ϩ -associated water molecule to yield an aldehyde intermediate (VI). The retro-aldol reaction of VI with proton donation yields the enolate form of DHBP (VII). Finally, DHBP is generated by protonation of the enolate by a Mg 2ϩ -activated water molecule, giving correct stereochemistry (32, 33, 35) for L-DHBP (VII).
Crystal structures of DHBPS from M. grisea complexed with glycerol and metal ions (32) and an active site mutant of DHBPS structure from M. jannaschii complexed with metal ions and substrate Ru5P have revealed the amino acids involved in the catalysis (33) . The vDHBPS structure complexed with substrate and metal ions essentially confirms the amino acids involved in the catalysis as reported earlier (32, 33) . In the E-Ru5P-Zn 2ϩ complex, Ru5P exists in the 2-keto form along with metal ions (I). The reaction cannot proceed further because it is generally assumed that Zn 2ϩ and Ca 2ϩ ions are not strong enough as Lewis acids, thus freezing the substrate in the 2-keto form (33) . Similarly, in the E-4PEH-Zn 2ϩ complex, the 4PEH also exists in the 2-keto form bound with Zn 2ϩ ions. However, in the presence of magnesium ions, which are required for DHBPS catalytic activity, the reaction may not able to form the enol (III) intermediate (Fig. 1) because the hydroxylamine group will not allow the dehydration of 2,3-enediolate, thus inhibiting the catalytic activity of DHBPS. It is also possible that the 2,3-enediolate intermediate is not formed at all with 4PEH as the inhibitor may exist as a stable hydroximate complex with Mg 2ϩ , which would therefore not induce dehydration of the NOH group, thus leading to inhibition (Fig. 10 ) of vDHBPS.
In summary, for the first time, we have characterized vDHBPS, a potential antibacterial drug target involved in the riboflavin biosynthesis pathway, with a competitive inhibitor, 4PEH. The structural characterization of vDHBPS along with 4PEH revealed that the inhibitor is bound to the active site and offers insights into the mechanism of inhibition. Interestingly, 4PEH has also been shown to be a competitive inhibitor of ribose-5-phosphate isomerase B from M. tuberculosis (60) . Taken together, 4PEH or its derivatives could be explored as a potential drug molecule to combat the ever increasing drugresistant bacterial strains by inhibiting the essential riboflavin biosynthesis pathway. that is unable to induce dehydration of the NOH group and thus leads to inhibition.
